The presence of pelvic visceral inputs to neurons in the rostral medulla that are responsive to electrical stimulation of the abdominal branches of the vagus nerve (VAG-abd) was investigated in a complete chronic T8 spinal transection rat model. Using extracellular electrophysiological recordings from single medullary reticular formation (MRF) neurons, 371 neurons in 15 rats responsive to pinching the ear (search stimulus) were tested for somato-visceral and viscero-visceral convergent responses to stimulation of the following nerves/territories: VAG-abd, dorsal nerve of the penis, pelvic nerve, distention of urinary bladder and colon, penile stimulation, urethral infusion, and touch/pinch of the entire body surface. In addition to these mechanical and electrical stimuli, a chemical stimulus applied to the bladder was assessed as well. Of the total neurons examined, 205 were tested before and 166 tested beginning 20 min after application of a chemical irritant (2% acetic acid) to the urinary bladder (same rats used pre/post irritation). As with intact controls, many earresponsive MRF neurons responded to the electrical stimulation of VAG-abd. Although MRF neuron responses failed to be evoked with direct (mechanical and electrical nerve) pelvic visceral stimuli, acute chemical irritation of the urinary bladder produced a significant increase in the number of MRF neurons responsive to stimulation of VAG-abd. The results of this study indicate a central effect that potentially relates to some of the generalized below level pelvic visceral sensations that have been documented in patients with complete spinal cord injury.
INTRODUCTION T
HERE ARE REPORTS that some paraplegic patients suffer from severe pain (phantom pain) in denervated somatic and visceral organs (Melzack and Loeser, 1978) . For example, visceral pain produced from urinary bladder and bowel distention and sensation of fullness are evident in patients with "functionally complete" spinal cord injuries (SCI) (as determined with criteria set by the American Spinal Injury Association [ASIA]) (Komisaruk et al., 1997) . In addition, a study on 52 "complete" SCI patients (both above and below T10 spinal level) showed that 67% of them retain partial sensations of bladder filling (Ersoz and Akyuz, 2004) . Many women with complete SCI also feel stimulation applied to the vagina and cervix (some of them even experience orgasm) and most still experience menstrual pain (Komisaruk et al., 1997) . Cordectomy (removal of one or more spinal cord segments) that were performed in paraplegic SCI patients (in the 1960's and 1970's) failed to relieve phantom pain sensations, which was at first thought to be due to the presence of some remaining undamaged fibers (Melzack and Loeser, 1978) . The sympathetic chain was examined as a potential alternative route to convey some of the afferent fibers (which could transmit nociceptive inputs) from the spinally denervated areas; however, sympathetic blocks as well as sympathectomy failed to relieve phantom pain in the subjects receiving cordectomy (Melzack and Loeser, 1978) . One possible alternative route, which has been hypothesized for sensory information to bypass a clinically complete SCI, is via afferents within the vagus nerve. The pelvic viscera are known to be innervated both by spinal nerves as well as the vagus (Altschuler et al., 1993; Jancso and Maggi, 1987; Tanaka et al., 2002; Vera and Nadelhaft, 1992) .
In the present study, electrophysiological recordings were made in chronic T8 spinalized rats to determine if viscerovisceral convergent neurons in the rostral medulla (Kaddumi and Hubscher, 2006) respond to mechanical and/or chemical stimulation of below level pelvic/visceral organs as well as electrical stimulation of the nerves that innervate them. As shown previously, single medullary reticular formation (MRF) neurons receive convergent inputs from various pelvic visceral organs such as the urinary bladder, colon, and urethra Kaddumi and Hubscher, 2006) . About 84% of those MRF neurons responding to bladder and colon stimulation respond to electrical stimulation of the abdominal branches of the vagus nerve (VAG-abd) Kaddumi and Hubscher, 2006) . Neuroanatomical tracing studies have shown that VAG-abd provides innervation to the rat descending colon and urinary bladder (Altschuler et al., 1993; Jancso and Maggi, 1987) . Multiple stimulation techniques were employed in the present study to maximize the chances of evoking responses in the chronic SCI model. These techniques included electrical nerve (pelvic nerve, dorsal nerve of the penis and VAG-abd) and mechanical (bladder and colon distention, urethral infusion) stimulation. The effect of chemically irritating the urinary bladder was also tested. Urinary tract infection is a common complication of SCI and has been shown in longitudinal examination to increase in number with time post injury (Charlifue et al., 1999) . Symptoms include pelvic discomfort, fever, autonomic dysreflexia, increased spasms, and headache (see "Bladder Care and Management Fact Sheet 11" at www.spinalcord.uab.edu) .
METHODS
A total of 15 male Wister rats (120 days of age) were used to investigate the MRF neuronal responses to electrical stimulation of VAG-abd, dorsal nerve of the penis (DNP), and pelvic nerve (PN), urinary bladder and colon distention, and urethral infusion 4-6 weeks after T8 spinal cord transection. In 12 of these 15 animals, neuronal responses were examined prior to and then again 20 min after infusing 2% acetic acid in the urinary bladder.
For spinal cord transection, each animal was anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg), injected intraperitonealy. Just before the surgery, each animal was injected (SC) with 0.5 mL of dual penicillin (Ambi Pen ® , Butler Co., Columbus, OH) as a preventive measure for possible infection from the surgical procedure.
All surgeries were done under aseptic conditions and the body temperature was controlled throughout the surgery and recovery period. A dorsal longitudinal incision was made to expose the T7 vertebra. A laminectomy was performed in order to expose the underlying T8 spinal cord. The dura was incised, reflected laterally and the spinal cord cut using a pair of surgical microdissecting scissors. Complete transection was visualized through a surgical microscope. Gentle suction with an air vacuum was used to carefully elevate the cut stump in order to verify the completion of the lesion. Gelfoam (Pharmacia & Upjohn Company, Kalamazoo, MI) soaked in topical hemostat solution (Henry Schein Inc., Melville, NY) was placed in the lesion cavity. The incision was closed using 4-0 nylon suture for the muscle layers and fascia and surgical clips for the skin.
Each animal received 5 mg/kg of gentamicin (Abbott Laboratories, North Chicago, IL) once/day for five days after the surgery, to control for possible bladder infections, and 2.5 mg/kg of ketoprofen (Ketofen ® , Fort Dodge Laboratories, Fort Dodge, IA) once/day for two days after the surgery in order to alleviate potential postsurgical pain. Each animal was housed individually. The urinary bladder was expressed every 8 h until the micturition reflex occurred automatically, 6-12 days (Hubscher and Johnson, 2000) . A behavioral and medical record was kept for each animal during the recovery period.
After 4-6 weeks of recovery following the spinal cord transection, each animal was anesthetized with 50% urethane (1.2 g/kg) in preparation for the terminal electrophysiological experiment. The jugular vein, carotid artery and trachea were exposed and intubated for anesthetic supplement (5% urethane, as needed), blood pressure monitoring, and respiratory rate/end expired pCO 2 level monitoring, respectively. The animal temperature was monitored throughout the experiment by an esophageal heat sensor probe connected to a thermometer. The animal temperature was maintained at around 37°C throughout the experiment using a circulating water-heating pad.
KADDUMI AND HUBSCHER
A dorsal incision was then made in each animal for the nerve exposure (the PN and DNP bilaterally). The nerves were separated from the connective tissues and prepared to be placed on specially fabricated bipolar electrodes just prior to the brainstem recording (Hubscher and Johnson, 1996) . For electrical stimulation of the abdominal branches of the vagus, a bipolar electrode was introduced along side the esophageal probe just caudal to the esophageal hiatus Kaddumi and Hubscher, 2006) . A midline abdominal incision was then made for insertion of the urinary bladder and urethral catheters through the proximal urethra as described previously (Kaddumi and Hubscher, 2006) . The configuration of the catheters avoids leakage from the bladder into the urethra Hubscher, 2006, 2007) . A 10-mmlong latex balloon was inserted intra-anally for distal colon distention . The pressure in the urinary bladder and colon balloon was monitored by connecting their respective catheters to a pressure monitor. Chemical irritation of the bladder was done by infusing 1 mL of 2% acetic acid through the catheter just after emptying its contents (Kaddumi and Hubscher, 2007; Mitsui et al., 2001) . Electrophysiological recordings were made prior to and then continued 20 min after the acetic acid infusion (Kaddumi and Hubscher, 2007) in order to allow time for chemical irritation to occur (Mitsui et al., 2001) .
After mounting the animal onto a stereotaxic device, a dorsal incision was made to gain access to the brainstem. The dorsal surface of rostral medulla was exposed by removing part of the occipital bone and suctioning the caudal midline portion of the overlying cerebellum (Hubscher and Johnson, 1996) . Electrophysiological recordings were done by lowering a tungsten microelectrode with Ϸ 7 Ϯ 1 MOhms impedance (Fredrich Haer and Co., Bowdoinham, ME) from the dorsal surface of the brainstem with a motorized drive (Fredrich Haer and Co., Bowdoinham, ME) into the MRF. Stereotaxic coordinates were 3400 m rostral to obex, and 400 and 800 m lateral to midline on the left side of the brainstem (two tracks/animal) in 15 animals. Another two equivalent tracks were done on the right side of the brainstem (post-UB irritation) in 12 out of the 15 animals. The search area for each dorso-ventral track covered a length of 2800-3000 m, which covered the rostral part of dorsal pargigantocellular nucleus, nucleus reticularis gigantocellularis (Gi), Gi pars alpha, and the medial part of the lateral paragigantocellular nucleus (see Fig. 1 in Hubscher and Johnson, 1999) .
Both pinching the ear (above level) and bilateral PN stimulation (below level) were used as search stimuli (Hubscher and Johnson, 2006; .
Each neuron found responsive to one or both of these search stimuli was tested for responses to VAG-abd and DNP. The stimulus intensity and duration of the electrical stimulation of the nerves were set as in previous protocols (Hubscher and Johnson, 1996; . In addition, the responses of the MRF neurons were further examined to urinary bladder and colon distention and urethral infusion, as well as touch/pinch of the entire surface of the rat's body. Responses of the MRF neurons were recorded on videotape and analyzed offline using Datawave software (www.dwavetech.com).
At the end of the terminal electrophysiological experiment, the urinary bladder from each animal was removed, then subsequently dried out and weighed. Each animal was then perfused with 0.9% normal saline followed by 4.0% paraformaldehyde injected into the left ventricle. The brainstem was removed and later sectioned at 100 μm thickness on the vibratome and stained with cresyl violet. The electrophysiological tracks were identified in these sections under the light microscope and the location of each neuron along these tracks was reconstructed (Paxinos and Watson, 1998 ) based on the stereotaxic distance below the dorsal surface, as previously described (Berkley et al. 1993; Johnson and Hubscher, 1998) .
The spinal cord containing the lesion area was removed and sectioned sagittally at 18 m thickness in the cryostat and stained with both luxol fast blue and cresyl violet (Kluver-Barrera Method). The sections were viewed under the light microscope to confirm the completion of the spinal cord transection.
Statistical Analysis
Data was analyzed for significance using either the Student t-test or the chi-square test. Results were considered significant when p Ͻ 0.05. Spike histograms were generated using Datawave software program. The present study was performed in accordance with the Institutional Animal Care and Use Committee (IACUC) of the University of Louisville School of Medicine and with the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, publication no. 0-309-05377-3).
RESULTS
The average weight of the urinary bladder following chronic spinal transection at T8 was 0.33 Ϯ 0.03 g, which is twice the weight of the urinary bladder obtained from intact animals (0.15 Ϯ 0.01 g) of equivalent size (350-450 g) and age matched. In addition, the average latency for restoring automatic reflex micturition after the BLADDER IRRITATION EFFECTS IN T8 SPINALIZED RATS spinal cord transection was 5.9 Ϯ 0.5 days, compared to about 11 days after severe contusion (Hubscher and Johnson, 2000) .
A total of 205 MRF neurons responsive to ear pinching in 15 animals (two tracks per animal) without bladder irritation plus an additional 166 MRF neurons in 12 of the 15 animals (two equivalent tracks per animal on the opposite side of the brainstem) post-bladder irritation were examined in this study. The neuronal characteristics of the MRF neurons in the transected (with and without urinary bladder irritation) and normal animals with bladder irritation (Kaddumi and Hubscher, 2007) are presented in Table 1 . There were no significant differences ( 2 , p Ͼ 0.05) in the background activity and neuronal response properties between the groups. The distribution of the different neuronal response modalities (excitatory, inhibitory and complex) throughout the various MRF subregions (Gi, dorsal Gi, and Gi pars alpha) was not affected by spinal cord transection. As seen in normals with MRF neurons responding to both pinching of the ear and electrical stimulation of the PN (Kaddumi and Hubscher, 2006b), the ear-responsive neurons that were inhibited with the various stimuli also tended to be more ventrally located in the MRF search zone post-transection.
The MRF neurons did not respond to any of the mechanical pelvic visceral stimuli (urinary bladder and colon distention and urethral infusion) following chronic transection at T8. MRF neurons also did not respond to electrical stimulation of the DNP or PN. However, 65.4% (134 out of 205) of the MRF neurons responded to electrical stimulation of VAG-abd prior to chemical irritation of the urinary bladder. This amount was not significantly different from the responses previously seen in spinally intact animals without irritation (61.3%, or 173 out of 282 neurons at equivalent MRF locations: total from three previously published articles Kaddumi and Hubscher, 2007; Kaddumi and Hubscher, 2006) . The latency of MRF neuronal response to VAGabd was 270.4 Ϯ 7.8 msec, which is significantly (t, p Ͻ KADDUMI AND HUBSCHER Example of electrophysiological recordings of a single MRF neuron (location is shown in A) to pinching the ear (search stimulus), electrical stimulation of pelvic nerve (other search stimulus), dorsal nerve of the penis, and abdominal branches of the vagus (VAG-abd), distal urethral infusion, and urinary bladder and distal colon distention. As shown, this neuron responded to ear and vagus nerve stimulation. This neuron also responded to pinching the face, eyelid, trunk (above level of lesion only), and forepaw (not shown). Bars indicate the onset and duration of the mechanical stimulus. Note electrical artifacts in records of nerve stimulation. Arrows indicate the beginning of the stimulus. C, caudal; Gi, gigantocellular reticular nucleus; GiA, Gi pars alpha; R, rostral; RMg, raphe magnus nucleus.
FIG. 1.
0.0001) higher than normal animals (196.1 Ϯ 16.6 msec). An example of MRF neuronal responses to VAG-abd is shown in Figure 1 . Although urinary bladder chemical irritation did not evoke MRF responses to mechanical pelvic visceral stimuli, there was a significant ( 2 , p Ͻ 0.05) increase in the number of MRF neurons that were responsive to VAGabd (Table 1 ). The response latency of the MRF neurons to VAG-abd after bladder irritation was 268.7 Ϯ 8.8 msec, which is not significantly different from the latency without bladder irritation.
DISCUSSION
Chemical irritation of the urinary bladder in T8 transected rats significantly increased the percentage of supraspinal MRF neurons responding to electrical VAGabd stimulation. Mechanical stimulation (distention) of the bladder and other pelvic viscera, however, failed to evoke responses in MRF at 4-6 weeks post-transection. The ability of a below level chemical stimulus to produce an effect above level could explain why poorly localized pelvic visceral sensations remain in patients following "complete" SCI (Ersoz and Akyuz, 2004; Komisaruk et al., 1997) .
The above level increase in MRF neuronal responsiveness to VAG-abd stimulation in chronically transected rats produced by below level urinary bladder irritation could be explained by direct activation of vagal afferents innervating the bladder. Some neuroanatomical tracing studies have shown that VAG-abd provide innervation to the rat descending colon and urinary bladder (Altschuler et al., 1993; Jancso and Maggi, 1987) . For example, injection of horseradish peroxidase conjugated with wheat germ agglutinin in the urinary bladder wall labels some nodose ganglion neurons (Jancso and Maggi, 1987) . Other evidence that the pelvic viscera could be innervated by afferents conveyed via vagus nerve includes indirect evidence from electrophysiological studies in female rats. These studies indicate that bilateral vagotomy either eliminates or alters the response properties to inputs from the female rat reproductive organs (uterine horn, cervix, and vagina) onto the solitary nucleus in the caudal medulla (Hubscher and Berkley, 1995) . The limited evidence from these studies along with the lack of responses in the present study to mechanical pelvic visceral stimuli, however, suggests that the VAG-abd innervation may not be functionally significant.
Alternative (and more likely) explanations for the effect produced by urinary bladder irritation could be through the activation of vagal afferents indirectly. One possibility is activation through a potential connection between the vagus and PN. Several studies have shown that the viscera in the vagal and PN territories interact with each other. For example, electrical stimulation of the afferent fibers in the vagus nerve and/or distention of esophagus, stomach, and duodenum inhibit urinary bladder contractions in dogs (Moda, 1992) . On the other hand, urinary bladder distention in dogs decreases the activity of the efferent fibers in the vagus nerve innervating the carotid sinus (Hassan et al., 1987) . These effects are thought to be due either to indirect connections (by affecting supraspinal centers controlling these viscera) or direct connections (i.e., dual innervation).
Heightened excitability in other viscera innervated by VAG-abd following bladder irritation, such as the stomach, liver, pancreas, and proximal, ascending and transverse colon (Altschuler et al., 1993; Prechtl and Powley, 1985) , may likely have contributed to the increased responses produced by electrical stimulation of VAG-abd afferents. Many cross-organ effects have been documented in recent years (Dmitrieva et al., 2001; Pezzone et al., 2005; Kaddumi and Hubscher, 2006; Winnard et al., 2006) . These cross-organ effects have been shown to involve the hypogastric nerve (Winnard et al., 2006) , which is composed of unmyelinated sympathetic afferents which branch to some extent (Hulsebosch and Coggeshall, 1982) . Five mechanisms, including two possibilities involving only afferent fibers (branching sensory afferents; dorsal root reflexes) have been proposed by Berkley and colleagues (see Fig. 3 in Winnard et al., 2006) . Note that the electrical stimulus in the present study could also have produced an effect on organs with spinal inputs above T8 through activation of vagal efferents (the nerve was not cut in the present study).
The vigorous afferent stimulation induced by chemical stimulation in the electrophysiological study likely increases sympathetic tone below the level of injury. The increased sympathetic activity likely involves circuitries that have undergone plastic changes in a way similar to those observed alterations in animals and humans with lesions cranial to T6 that are faced with cardiovascular challenges (i.e., generation of autonomic dysreflexia) (see Fig. 5 in Rabchevsky, 2006) . Descriptions of the reorganization of below level circuitries have been well described in several recent reviews (Schramm, 2006; Weaver et al., 2006) . Previous studies demonstrated significant increases in the expression of Fos-labeled spinal cord neurons, a proto-oncogene used as a marker of central neuronal activity resulting from a peripheral stimulus, below the level of a complete transection (after 4-6 weeks) in response to pelvic visceral stimulation (Vizzard, 2000; Landrum et al., 2002) . This increase in Fos KADDUMI AND HUBSCHER was three fold greater and had a wider laminar distribution following chronic versus acute (1-day) transection (Landrum et al., 2002) . Thus, the additional stimulation from the chemical irritant in the present study likely affects a very complex network of interconnected neurons involved in autonomic function that have reorganized in such a way that makes it possible for input to re-route itself to the brainstem.
Many studies have shown that vagal afferents innervating other viscera, such as the esophagus, respond to chemical agents, but fail to respond to mechanical stimuli (Page et al., 2002) . The lack of responses from direct pelvic visceral stimulation in the present study is consistent with these findings. The results indicate that mechanical sensory inputs from the urinary bladder, distal colon, and urethra are conveyed to MRF neurons through the spinal cord only and not via the vagus nerve. The pelvic viscera are known to be innervated by pelvic and hypogastric nerve fibers that are conveyed through the L5-S1 and T13-L4 spinal nerves, respectively (Tanaka et al., 2002; Vera and Nadelhaft, 1992) . It is possible, however, that visceral mechanical inputs from bladder, colon, and urethra through the vagus nerve could be conveyed to supraspinal nuclei other than the MRF. Vagal afferent input to MRF is likely via its connection with the solitary nucleus (Jean, 1991) , which also projects to many other nuclei, including for example the parabrachial nucleus (Karimnamazi et al., 2002) . Vagal afferents also project to the supraoptic nucleus, paraventricular nucleus, lateral parabrachial nucleus and others (Carlson and Osborn, 1998) .
Since the third and fourth electrode tracks examined post bladder irritation in spinally intact animals (see right hand column in Table 1 ; data from Kaddumi and Hubscher, 2006a) did not show the same increase relative to the equivalent two tracks through the MRF post-transection, the increased number of MRF neuronal responses in the present study could be due to plasticity during the 4-6-week recovery period. Possible mechanisms include sprouting of vagal afferents to innervate the urinary bladder and/or recruiting potentially already existing silent fibers (in order to compensate for the lost ascending spinal pathways) (Page et al., 2002) . Future experiments involving acute transection lesions will address this possibility. In the present study, the response latency of MRF neurons to electrical stimulation of VAG-abd increased significantly after the spinal cord transection. The same results were also observed with chronic dorsal column lesions . These results also likely reflect the plasticity that occurs following SCI. Vagal afferents do not normally respond to visceral stimuli within the noxious range (Ozaki et al., 1999) . The activation of slow conducting vagal afferents (c-fibers) could be responsible for the observed increase in latency following SCI . Expansion of the VAG-abd afferent field is possible as bladder weight increased. Bladder weight and volume are known to increase significantly following SCI (Pikov and Wrathall, 2001) .
In the present study, the weight of the urinary bladder almost doubled after spinal cord transection compared with normal controls. However, this increase is much less than the increase observed in other studies (Kruse et al., 1993) , which have shown urinary bladder weight to increase about fivefold after spinalization. The difference with these other studies is likely due to the recovery protocols post-SCI for expressing the bladder (three times per day in the present study compared to two times per day in the other study). The recovery of the micturition reflex results from the reorganization of the reflex circuitry in the weeks that follow the SCI (de Groat et al., 1990) . With the recovery of the micturition reflex, the urinary bladder increases in weight, volume, and residual volume (Kruse et al., 1993) . The results of the present study indicate that better management post-SCI by emptying the urinary bladder as frequently as possible (minimum of 3 times daily for male rats) until the bladder reflex becomes automatic could help in decreasing side effects and complications of SCI. Decreasing the urinary bladder weight means decreasing the volume of the bladder and thus decreasing the residual volume. The fact that all animals survived for the duration of the chronic experiment (up to 6 weeks) likely relates to this aggressive management of the injured animals beginning immediately post-transection.
All responses to cutaneous stimulation were also lost below the T8 level of the SCI (all below level dermatomes). Many of the remaining responses to cutaneous stimulation (touch and/or pinch) above the level of the injury were to all cutaneous areas. These findings are consistent with previous studies where all regions below level were lost following severe contusion injury at T8 (Hubscher and Johnson, 1999) and many MRF neurons receive convergent inputs from cutaneous regions across the entire body ).
In conclusion, although vagal afferents were not found to transmit mechanical information from the urinary bladder, distal colon, and urethra to MRF neurons following chronic complete mid-thoracic spinal transection, they may transmit chemical inputs by any one of several possible ways. More work is needed to better understand the role the vagus nerve in transmitting sensory information from below the level of a severe SCI, as the vagus is a potential target for managing visceral dysfunctions and phantom pain following SCI.
BLADDER IRRITATION EFFECTS IN T8 SPINALIZED RATS

